Downhole magnetometer logs obtained during Ocean Drilling Program Leg 144 from Holes 873A (Wodejebato Guyot), 878A (MIT Guyot), and 879A (Takuyo-Daisan Guyot) in the western Pacific Ocean were used to constrain the nature and origin of the igneous sections of the seamounts. Magnetic boundaries, apparent inclination, polarity of magnetization (normal or reverse), and the hemispheric origin (Northern or Southern) was determined by inspecting the variations and the amplitudes of the horizontal and the vertical magnetic field.
INTRODUCTION
If one is to understand the origin of seamounts and absolute plate motion, one must know the magnetic properties of seamounts. In spite of numerous studies on magnetization of seamounts from magnetic anomalies (e.g., Sager and Pringle, 1988; , the magnetic structure of seamounts is still unclear. Previous paleomagnetic studies on dredged and drilled samples from seamounts and islands show that the magnetic properties of seamount rocks are highly variable (Furuta et al., 1980; Kono, 1980; Gee et al., 1988 Gee et al., , 1989 . Gee et al. (1989) suggest that induced magnetization significantly contributes to seamount magnetization. Sager and Han (1993) found a low Koenigsberger ratio (Q ratio; i.e., the ratio of remanent magnetization to induced magnetization) in the southern Shatsky Rise. On the other hand, Sager and Pringle (1988) suggest that the magnitude of seamount magnetization derived from the seamount magnetic anomaly is almost the same as that obtained from dredged samples and that the induced magnetization of seamounts is negligible. Pillow basalts dredged from seamounts show high Q ratios (Furuta et al., 1980; Gee et al., 1988) .
Downhole measurements of the magnetic field in boreholes are a useful counterpart to paleomagnetic studies if one is to obtain an insight into the nature of the magnetic structure of the oceanic crust and seamounts and of magnetic polarity stratigraphy.
Because core samples may acquire a secondary magnetization effect during the drilling process (Kikawa and Pariso, 1991; Nogi et al., in press a), the measured natural remanent magnetization (NRM) for recovered core samples may not accurately represent the in situ magnetization (Pariso and Johnson, 1993) . Downhole logging can Haggerty, J.A., Premoli Silva, I., Rack, R, and McNutt, M.K. (Eds.), 1995. Proc. ODP, Sci. Results, 144: College Station, TX (Ocean Drilling Program) .
2 Geological Survey of Japan, Tsukuba, Ibaraki 305, Japan. 3 Meteorological Research Institute, Tsukuba, Ibaraki 305, Japan. (Present address: National Institute of Polar Research, 1-9-10 Kaga, Itabashi, Tokyo 173, Japan.) collect a continuous record of downhole magnetic field, which can be related to the magnetization of the surrounding material in order to accommodate poor recovery of paleomagnetic samples from the holes and to give independent information on the magnetization. Therefore, it is necessary to combine the results from the core-sample measurements and downhole logging to understand the magnetic structure and paleomagnetic stratigraphy fully.
Many attempts have been made to develop a three-component downhole magnetometer and methods to analyze the three-component data (Bosum and Scott, 1988; Gallet and Courtillot, 1989; Kinoshita et al., 1989; Bosum and Kopietz, 1990; Hamano and Kinoshita, 1990; Pariso and Johnson, 1993; Nogi et al., in press b and c; Ito et al., this volume) . It has been demonstrated that three-component downhole magnetometer logging results can reveal the magnetic structure of the oceanic crust and the origin of the magnetic anomaly lineations (Kinoshita et al., 1989; Hamano and Kinoshita, 1990; Pariso and Johnson, 1993; Ito et al., this volume) , the magnetic structure of seamounts (Nogi et al., in press b) , and the magnetization of sediments (Nogi et al., in press c).
Three-component downhole magnetometer logs were conducted for the first time in the holes of seamounts during Ocean Drilling Program (ODP) Leg 143 at Sites 865 and 866 (Nogi et al., in press b) , which penetrated the upper igneous sections of the seamounts. Nogi et al. ( in press b) suggest significant contribution of induced magnetization to seamount magnetization from the comparison of the threecomponent downhole data with paleomagnetic results for discrete core samples.
ODP Leg 144 drilled five guyots in the northwestern Pacific Ocean, and downhole measurements in the basement section were taken in Holes 873A (Wodejebato Guyot), 878A (MIT Guyot), and 879A (Takuyo-Daisan Guyot). Because the Japanese three-component downhole magnetometer that was used during Leg 143 (Nogi et al., in press a and b) encountered serious trouble during the operation at Hole 873A, we present the results of an analysis of the data obtained with the Schlumberger general purpose inclinometer tool (GPIT), which was attached to the Formation MicroScanner (FMS).
DATA

Schlumberger GPIT
A three-axis fluxgate magnetometer (GPIT) is routinely attached to the Schlumberger FMS tool to determine the horizontal tool orientation of the FMS tool relative to magnetic north. Because the resolution of the GPIT is at most 50 nT (A. Dumont, pers. comm., 1992) , it is almost impossible to analyze the data obtained with the GPIT in the weakly magnetized carbonate section. Therefore, we will concentrate on an analysis of the basalt section, which has a strong magnetization.
The GPIT has another problem inhibiting detailed magnetic analysis. Nogi et al. (in press b) found differences in the magnetic field between GPIT and the Japanese three-component downhole magnetometer by comparing both data obtained in the same well during Leg 143.
Measurements within the upper carbonate platform series in Hole 878 A (Shipboard Scientific Party, 1993, fig. 45 ) show unknown drifts in both the vertical and horizontal components. The amount of these drifts is much larger than the magnetic anomaly that is expected in limestone. In addition, the horizontal component has several spikes in intensity. According to modeling of the borehole magnetometer response (e.g., Pozzi et al., 1988; Gallet and Courtillot, 1989) , the magnetic intensities of the carbonate and sediments are too weak to cause magnetic anomalies of this magnitude. However, Nogi et al. (in press c) concluded that FMS/GPIT data can be used to estimate gross magnetic features with wavelengths larger than 10 m.
At Wodejebato Guyot, Hole 873A was logged from the volcanic edifice through the carbonate platform succession with two passes of the geophysical string, two passes of the FMS/GPIT string, and one pass of the geochemical tool string (Shipboard Scientific Party, 1993) . Two intervals of Hole 878A (MIT Guyot) were measured with the FMS/GPIT tool. The first set of measurements (two passes) was made within the lower igneous complex from 806.7 to 885 mbsf, corresponding to Cores 144-878A-87R through -94R. The second set of FMS/GPIT logs was through the carbonate platform succession (two passes) from 10 to 735 mbsf. The complete carbonate platform and igneous complex in Hole 879A at the southern rim of TakuyoDaisan Guyot were logged once with the geophysical string and twice with the FMS/GPIT tool string. Logging measurements were obtained from approximately 210 mbsf, corresponding to the upper part of Core 144-879A-23R, or about 17 m above the base of the hole, to the base of the drill pipe at 40.5 mbsf, corresponding to the lower part of Core 144-879A-5R.
DATA PROCESSING
Magnetic Boundaries
Magnetic boundaries between sections that have different hemispheres of origin and polarity are determined by the signs of the variations of the horizontal and vertical magnetic fields in the hole with respect to the present magnetic field and the peaks of the spatial differential of the downhole magnetic field (ISDDM), defined as follows (Nogi et al., 1993b; Ito et al., this volume) :
where F H and F z are horizontal and vertical magnetic fields derived from the surrounding magnetized material, and z is depth (downward direction is taken as positive). Nogi et al. (in press b) showed that the ISDDM peaks coincide with the magnetic boundaries if enough distance is present between the magnetic boundaries. Simple model calculation (Hamano and Kinoshita, 1990) shows that magnetic field variations at the magnetic boundaries differ for the possible four magnetization configurations: normal to reverse transition in the Northern Hemisphere, reverse to normal transition in the Northern Hemisphere, normal to reverse transition in the Southern Hemisphere, and reverse to normal transition in the Northern Hemisphere. We define the sign of the horizontal field, the sign of the vertical field, and the sign of the vertical/horizontal components as s{F H ), s(F z ), and s(dF z /dF H ), respectively. (Nogi et al., in press b; Ito et al., this volume) .
Because unknown drift was observed in the magnetic field by GPIT, we estimated the limit of uncertainty using magnetic variation in the carbonate section. The sign of the horizontal and vertical component of the magnetic field was defined using values above and below these uncertainty limits. Magnetic field variations within these uncertainty limits are not used for the present analysis. Smoothed spatial differential values of horizontal and vertical magnetic field according to Savitzky and Golay (1964) 
Apparent Inclination
Apparent inclination (/) also is obtained using the ratio of the vertical to the horizontal component of the magnetic field (Nogi et al., in press b):
Apparent inclination was determined within the igneous rock section in each hole. Because the range between the estimated horizontal and vertical components of the present magnetic field is uncertain because of unknown drifts, we used a spatial differential of the vertical and horizontal components of magnetic variation (s(F z ) and dF H /dz, respectively). Apparent inclination was calculated by correlating the spatial differential of the magnetic field of vertical and horizontal components in each hole.
This provides us with new information from the downhole threecomponent magnetometer data because the ambiguity, combined with the lack of horizontal orientation of the core samples, means it is impossible to distinguish, for example, between normally magnetized basalts formed in the Northern Hemisphere and reversely magnetized basalts formed in the Southern Hemisphere simply with the remanent inclination of the basalt samples.
RESULTS
Hole 873A (Wodejebato Guyot)
There are two magnetic units in Hole 873A (Fig. 1) . At the upper boundary of Magnetic Unit 1 (175 mbsf), there is a gradual decrease in both the vertical and horizontal components of the downhole magnetic field at about 175 mbsf, coinciding with the reddish brown clay/weathered basalt boundary at 174 mbsf ( Fig. 1) . At the lower boundary (202 mbsf), corresponding to a weathered basalt/volcaniclastic breccia lithologic boundary at 200 mbsf, both the horizontal and vertical components increase. Magnetic Unit 1 is characterized by negative s(F H ) and s(F z ) and by positive s(dF z ldF H ). These indicate that the magnetization originated in the Southern Hemisphere during a reversed polarity.
In Magnetic Unit 2, positive s(F H ), negative s(F z ), and negative s(dF z /dF H ) are observed. These indicate magnetization acquired in the Northern Hemisphere during a normal polarity. Viscous or induced magnetization by the present magnetic field at the site is considered to be the origin of the magnetization within this zone.
Many magnetic boundaries are observed within Magnetic Unit 1 (shown by horizontal dashed lines in Fig. 1 ). However, both the horizontal and vertical magnetic field components vary with the same sense and those variations do not exceed the present magnetic field level. These suggest that many magnetic boundaries in Magnetic Unit 1 are not caused by changes in magnetic polarity (normal to reversed) but by intensity variations within the same polarity.
The apparent inclination between 175 and 200 mbsf within Magnetic Unit 1 is 21.6° (Fig. 2) . Magnetization originated in the Southern Hemisphere during a reversed magnetic polarity. This value is in good agreement with core-sample paleomagnetic measurements (Nakanishi and Gee, this volume).
Hole 878A (MIT Guyot)
The FMS/GPIT data from the first set of the measurements within the lower igneous complex (basalt flows with breccia and reddish clay horizons) were analyzed. Two magnetic units were obtained in Hole 878A between 815 and 885 mbsf (Fig. 3) . In Magnetic Unit 1, the horizontal and vertical components vary with the same sense, and this indicates that magnetization originated in the Southern Hemisphere. Although both the horizontal and vertical components are almost within the uncertainty limits, most of the variations appear to shift toward the positive value relative to the present magnetic field. This suggests that magnetization originated in the Southern Hemisphere during a normal magnetic polarity. However, some variations with opposite sense in horizontal and vertical components (shown by -15000 -10000 - arrows in Fig. 3 ) show normal magnetization in the Northern Hemisphere. This is possibly caused by viscous or induced magnetization. Viscous or induced magnetization within this unit may disturb the original magnetization.
The upper boundary of Magnetic Unit 2 (at about 860 mbsf) is denoted by sharp negative s(F H ), negative s(F z ), and positive s{dF z ldF H ). Variations within this unit indicate that the magnetization originated in the Southern Hemisphere during a reversed chron.
Many magnetic boundaries were also observed in Hole 878A (shown by horizontal dashed lines in Fig. 3 ). These boundaries are not caused by changes in magnetic polarity (normal to reversed), but by intensity variations within the same polarity, for the same reason as in Hole 873A.
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Apparent inclination within Magnetic Unit 2 is calculated as 21.8° (  Fig. 4) . This inclination value coincides with those obtained from the paleomagnetic study of discrete core samples (Nakanishi and Gee, this volume).
Hole 879A (Takuyo-Daisan Guyot)
There are three magnetic units in Hole 879A (Fig. 5) . The boundary between Magnetic Units 2 and 3 at 189 mbsf corresponds to the lithologic unit boundary between upper weathered volcanic breccia and lower peperite basaltic submarine lava flows at about 191 mbsf. Magnetic Units 1 and 2 correspond to volcaniclastic breccias. Magnetic Unit 1 in the upper part of volcanic breccias is characterized by negative sign (horizontal and vertical variations lie in opposite directions) and positive inclination (Fig. 5) . These findings imply that magnetization in Magnetic Unit 1 was acquired in the Northern Hemisphere during a normal chron. On the other hand, Magnetic Unit 2, which corresponds to the lower part of volcanic breccias, is characterized by positive sign (horizontal and vertical variations lie in the same direction) and negative inclination (Fig. 5) . These findings suggest that magnetization in Magnetic Unit 2 originated in the Southern Hemisphere during a normal chron. The Northern Hemisphere normal magnetization seen in Magnetic Unit 1 is most likely the origin of viscous or induced magnetization in the present magnetic field.
Positive s(dF z ldF H ) and the observation that variations in both the horizontal and vertical magnetic components are above the zero level and in the same sense (Fig. 5) imply that the magnetization in Magnetic Unit 3 was acquired in the Southern Hemisphere during a normal chron. Amplitudes of the magnetic variation in Magnetic Unit 3 are smaller that those observed in Magnetic Units 1 and 2. Apparent inclination within this unit is 20.6° (Fig. 6) , concordant with the inclination of characteristic magnetization obtained from the discrete sample paleomagnetic results (Nakanishi and Gee, this volume).
DISCUSSION
Many magnetic boundaries are present in Holes 873A, 878A, and 879A. The magnetic boundaries in the basaltic complex are the result of fine-scale variations with depth in magnetic intensity and are probably associated with individual flows. These amplitude variations may correspond to flow units in the basalt section. For example, many igneous units are reported within lithologic Unit VI (basalt flows with breccia and reddish clay horizons) in Hole 878A, with flow-top breccia at the top of each massive flow unit. We think that the differences in degree of alteration cause short-wavelength magnetic field variations within the same polarity observed by downhole magnetometer logs. In Figure 7 , downhole magnetometer logging results in Hole 873A (Wodejebato Guyot) are compared with the core-sample paleomagnetic measurements (Nakanishi and Gee, this volume). Core-sample paleomagnetic measurements show that the average inclination for each flow unit in Hole 873Ais 20.76°-23.40°. The average inclination of Site 873 is 22.97°. These measurements are in good agreement with the apparent inclination results (21.6°) calculated from FMS/GPIT data between 175 and 200 mbsf (weathered basalt section), where both s(dFz/dF H ) and inclination are positive. Although a few estimates of Q are available from core samples in Hole 873 A, those from other holes in Wodejebato Guyot generally have high a Q ratio (Fig. 7) . This high Q ratio might be the main reason for the good agreement among inclination values from cores and downhole measurements. According to the paleomagnetic measurements from Hole 878A in MIT Guyot (Nakanishi and Gee, this volume), the magnetic polarity shallower than Core 144-878A-86R (about 802 mbsf) is normal and that below Section 144-878A-90R-4 (about 839 mbsf) is reversed. The average inclination of the samples with reversed polarity is 21.31°. The apparent inclination from downhole data calculated below 860 mbsf in basalt flows of the reversed polarity section is 21.8°. The apparent inclination (21.8°) is in excellent agreement with the paleomagnetic data (21.31°). Although some samples have an extremely low Q ratio (Nakanishi and Gee, this volume), these samples also possess a low intensity value (Fig. 8) . This may be the reason for the excellent agreement in inclination from core sample measurements and downhole data, because the data with low intensity do not contribute to the inclination calculation.
The average inclination from core-sample measurements of Takuyo-Daisan Guyot is -18.39° (Nakanishi and Gee, this volume). The apparent inclination calculated from the downhole magnetometer is -20.6°, which agrees well with the paleomagnetic result within the 95% confidence limits of Nakanishi and Gee (this volume). Because the Q ratio of the core sample is extremely high (Fig. 9) , induced magnetization is negligible in Hole 879A.
The apparent inclination was calculated only for the basalt section in Holes 873A, 878A, and 879A. Magnetization in Holes 873A and 878A shows a Southern Hemisphere origin during a reversed chron. Southern Hemisphere reversed magnetization possibly shows the primary magnetization, because these sites are located in the Northern Hemisphere and the apparent inclination value is in good agreement with that from the paleomagnetic results. It is also shown that Southern Hemisphere normal magnetization is possibly the primary magnetization in Hole 879A.
However, if we take into account the effect of induced magnetization, observed inclination becomes steeper for the Southern Hemisphere reversed magnetization. On the other hand, observed inclination becomes shallower for Southern Hemisphere normal magnetization. Therefore, the apparent inclination obtained in Hole 873 A and 878A indicates an upper limit of the inclination value, and that obtained in Hole 879A indicates a lower limit of inclination value.
Significant contribution from induced magnetization was not observed in the downhole magnetometer results in the basalt section of Holes 873A, 878A, and 879A. Gee et al. (1989) suggested that induced magnetization significantly contributes to seamount magnetization. Results from the downhole magnetometer logs obtained during Leg 143 in the Mid-Pacific Mountains also implies significant contribution of induced magnetization to the seamount magnetization (Nogi et al., 1993b) . Gee and Nakanishi (1994) calculated a mean Q ratio of 9.8 and pointed out the importance of induced magnetization contribution of approximately 10% for Leg 144 data.
Nakanishi and Gee (this volume) found differences in the paleolatitude results between those from seamount magnetic anomaly modeling and paleomagnetic measurements on core samples for LoEn, MIT, and Takuyo-Daisan guyots. They interpreted that the discrepancy in paleolatitude is the result of a significant contribution from viscous and induced magnetization. However, apparent inclination values determined in the upper basaltic section from the downhole magnetometer logs in this study are almost the same as those obtained from the core-sample paleomagnetic study. Although the present downhole magnetometer results from the breccia sections show induced or viscous effects, results from the basalt section clearly show that these contributions are negligible in Holes 873A, 878A, and 879A as far as the upper basalt section are concerned. Sager and Pringle (1988) also suggest that seamount magnetizations derived from seamount magnetic anomalies are almost the same as those obtained from dredged samples and that the induced magnetization of seamounts is negligible; It is possible that there are two types of seamounts: those with a low Q ratio and those with a high Q ratio. These types may be related to the source of the basalt and environment on and after forming basalt. Further investigation is required for elucidating the nature of seamount magnetization. If there is a contribution from induced and/or viscous magnetization, it might be from breccia and/or basalts in sections deeper than the present study. The magnetic field in the deeper section of basalts may contribute the magnetic character in these sites.
The insufficient data quality of GPIT (insufficient resolution and drifts) prohibited an analysis of the data below the "uncertainty limit." Nogi et al. ( in press a and b) and Ito et al. (this volume) demonstrated the usefulness of a three-component downhole magnetometer. It is necessary to develop a more reliable downhole magnetometer system (with sufficient data resolution, orientation tool, and susceptibility tool) to use its potential advantages fully.
CONCLUSIONS
We determined uniquely the polarity (normal or reverse) and hemisphere of origin (North or South) of remanent magnetization by inspection of the signs (positive or negative) and variations of the horizontal and vertical magnetic anomaly components from a threecomponent downhole magnetometer. Southern Hemisphere reversed magnetization in the basalt sections in Hole 873A and 878A possibly shows the primary magnetization. We also showed that Southern Hemisphere normal magnetization probably displays the primary magnetization in Hole 879A.
Apparent inclination values from the downhole magnetometer log used in this study are almost the same as those obtained from the core-sample paleomagnetic study. This indicates a high Q ratio and suggests that induced magnetization is negligible. We suggest that there are two types of seamounts: those with a low Q ratio and those with a high Q ratio.
